Introduction {#Sec1}
============

Hyperuricemia is a condition characterized by abnormally elevated levels of serum uric acid (UA). The reported prevalence of hyperuricemia has been showing a rising trend in recent years^[@CR1],[@CR2]^, which ranged from 17.0% to 22.9% in men and 5.9% to 21.6% in women^[@CR1],[@CR3]--[@CR6]^. Previous studies have suggested that hyperuricemia is associated with hypertension, metabolic syndrome, cardiovascular diseases, chronic kidney diseases, diabetes mellitus, and an increased risk of all-cause mortality^[@CR7]--[@CR12]^. However, uncertainties still exist with respect to the specific pathogenesis of hyperuricemia.

Copper (Cu) is one of the essential trace elements involved in many important biological processes of living organisms^[@CR13]^. Cu *in vivo* has demonstrated both its pro- and anti-oxidant effects^[@CR14]^. UA is directly oxidized by Cu^2+[@CR15]^, and the Cu-reduction ability of UA was presumed to influence both the pro- and anti-oxidant behaviors of UA^[@CR16]^. To the best of our knowledge, only one study has attempted to associate serum Cu with serum UA. Bo *et al*.^[@CR17]^ detected the serum Cu and serum UA concentration in a randomly identified subgroup of men (n = 231) from a study of adults (45- to 64-year-old) in Italy, in which no significant association between serum Cu concentration and UA was concluded. However, the sample size of the study was relatively small and women subjects was not included. Up to now, there has been no research directly related serum Cu to prevalence of hyperuricemia.

To fill in this knowledge gap, we used data collected from a large population-based cross-sectional study to investigate whether there is an association between serum Cu levels and the prevalence of hyperuricemia.

Materials and methods {#Sec2}
=====================

Study population {#Sec3}
----------------

The present cross-sectional study was performed in Xiangya Hospital, Central South University in Changsha, Hunan Province, China^[@CR3],[@CR18]^. All procedures were conducted in accordance with the relevant guidelines and regulations. In order to acquire data on health-related habits and demographic characteristics, registered nurses performed face-to-face interview on all the subjects during physical examination with a standard questionnaire. The included subjects were chosen based on the criteria as follows: 1) ≥40 years old; 2) receiving serum UA and serum Cu measurements; 3) providing required personal features, including age, sex and body mass index (BMI); 4) providing health-related habits, including activity level, smoking and alcohol drinking status. From October 2013 to December 2015, there were 6212 subjects in all received routine measurements like serum UA and serum Cu, and also provided detailed demographic features and required health-related habits.

Assessment of hyperuricemia {#Sec4}
---------------------------

The blood samples of all the subjects were collected after a 12-hour overnight fast and then preserved at 4 °C until assayed. Serum UA concentration was detected by a Beckman Coulter AU 5800 (Beckman Coulter Inc., Brea, CA, USA), and the results were used to diagnose hyperuricemia (UA ≥ 416 μmol/L for men and ≥360 μmol/L for women).

Assessment of exposures {#Sec5}
-----------------------

The serum Cu concentration was measured by Roche modular P800 using the PAESA method. The inter-assay coefficients of variation were 6.15% (9.8 μmol/L) and 4.325% (16.5 μmol/L), and the intra-assay coefficients of variation were 5.17% (16.72 μmol/L) and 5.37% (8.86 μmol/L) for serum Cu respectively. Fast blood glucose was tested using glucose oxidase enzyme method. Blood pressure was checked on an electronic sphygmomanometer. Diabetes was diagnosed as fasting glucose level ≥7.0 mmol/L or if the subject was receiving drug treatment to control blood glucose. Hypertension was defined as systolic blood pressure ≥140 mmHg or diastolic blood pressure ≥90 mmHg, or if the subject was taking antihypertensive treatment. The BMI of each subject was calculated as weight in kilograms divided by height in meters squared. The information of sports activities, smoking and drinking status was extracted from questionnaires answered by subjects. Sports activities included average frequency and average duration, and current status of smoking and drinking was evaluated in binary (yes or no).

Statistical analysis {#Sec6}
--------------------

The quantitative data were presented in form of mean ± standard deviation, and the qualitative data were presented in form of percentage. The serum Cu concentration was divided into 5 categories in terms of the quintile distribution of the sample: ≤13.60, 13.61--15.40, 15.41--17.00, 17.01--19.00 and ≥19.01 μmol/L. The one-way classification ANOVA and the Kruskal-Wallis H test was performed to evaluate continuous data for normal distribution and abnormal distribution, and the χ^2^ test was employed to assess the differences between qualitative data. The quintile with the lowest value of serum Cu concentration was regarded as reference, age- and sex- adjusted odds ratios (ORs) and 95% confidence intervals (CIs) were reported to indicate the association between serum Cu and the prevalence of hyperuricemia in each quintile, respectively (Model 1). Moreover, two multivariable models (Model 2 and 3) were also used for logistic regression analyses in the whole, male and female population. The covariate adjusted model 2 included age, sex, BMI, smoking, drinking status, and we additionally adjusted for education, activity level, hypertension, diabetes in subsequent model 3. Median variables of serum Cu concentration in first to the highest quintile were used to test the linear trends by logistic regression. To increase statistical power, we additionally modelled continuous serum Cu concentrations, estimating the effect on hyperuricemia prevalence per 10 μmol/L increase. A scatter plot was employed to test linear relationship between serum Cu and UA after multivariable analyses.

The collected data were conducted by SPSS 17.0 and STATA 12.0; a P value of ≤0.05 was considered as the criterion for statistical significance.

Ethical approval and informed consent {#Sec7}
-------------------------------------

The study protocol had been approved by the Ethics Committee of Xiangya Hospital, Central South University (reference number: 201312459). Written informed consents had been acquired from all included participants prior to the performance of research.

Results {#Sec8}
=======

A total of 6,212 subjects (3,700 male and 2,512 female) were recruited in the current analysis. The overall prevalence of hyperuricemia in this study was 17.6%. Table [1](#Tab1){ref-type="table"} shows basic characteristics of the whole population and subjects according to their hyperuricemia status. Significant differences were observed between the hyperuricemia and non-hyperuricemia population in terms of sex, smoking, drinking status, education, BMI, occupation, hypertension and diabetes.Table 1Basic characteristics of the HU and Non-HU population (n = 6,212).Basic characteristicsOverallHU status*P*HU populationNon-HU populationNumber6,2121,0955,117---Age (years)51.93 ± 7.2751.81 ± 7.2851.95 ± 7.270.409Sex (% female)40.419.744.9\<0.001Smoking (%)25.730.424.7\<0.001Drinking (%)41.457.438.0\<0.001Education level (% with or above high school background)47.755.446.0\<0.001Activity level (h/week)2.06 ± 3.262.00 ± 3.192.07 ± 3.270.910BMI (kg/m^2^)24.56 ± 3.2326.07 ± 3.1424.24 ± 3.15\<0.001Occupation (% manual worker)18.114.818.80.002Hypertension (%)32.147.728.7\<0.001Diabetes (%)10.112.19.70.024HU, hyperuricemia; Cu, copper; BMI, body mass index.Data are mean ± standard deviation, unless otherwise indicated.*P* values are for the test of difference between the HU population and Non-HU population using one-way analysis of variance in case of normally distributed continuous variables, Kruskal-Wallis H test in case of non-normally distributed continuous variables and Pearson Chi-square test in case of categorical variables.

The results of demographic characteristics and confounding factors are shown in Table [2](#Tab2){ref-type="table"}, in accordance with the quintiles of serum Cu concentration. There were significant differences across all quartiles of serum Cu in terms of age, sex, smoking status, drinking status, education, activity level, BMI, occupation, hypertension and diabetes.Table 2Basic characteristics of 6,212 participants according to quintiles of serum Cu.Basic characteristicsQuintiles of serum Cu (μmol/L)*P*Q1 ( ≤ 13.60)Q2 (13.61--15.40)Q3 (15.41--17.00)Q4 (17.01--19.00)Q5 (≥19.01)Number1,2831,2731,2331,1821,241---Median serum Cu (μmol/L)12.4014.6016.2017.9020.90---HU (n)218232237198210---Age (years)50.38 ± 6.9351.49 ± 7.2051.70 ± 7.1252.41 ± 7.2153.75 ± 7.47\<0.001Sex (% female)23.729.539.350.860.2\<0.001Smoking (%)32.329.325.521.818.9\<0.001Drinking (%)46.546.244.936.532.4\<0.001Education level (% with or above high school background)52.552.350.343.938.8\<0.001Activity level (h/week)2.03 ± 3.172.23 ± 3.321.95 ± 3.082.03 ± 3.242.06 ± 3.450.031BMI (kg/m^2^)24.81 ± 3.1324.71 ± 3.1724.62 ± 3.1424.45 ± 3.2724.22 ± 3.39\<0.001Occupation (% manual worker)16.916.118.217.521.80.003Hypertension (%)27.832.032.432.735.50.001Diabetes (%)9.010.39.29.812.30.045HU, hyperuricemia; Cu, copper; BMI, body mass index.Data are mean ± standard deviation, unless otherwise indicated.*P* values are for test of difference across all quintiles of serum Cu.

The outcomes of multivariable adjusted connections between serum Cu concentration and the prevalence of hyperuricemia are listed in Table [3](#Tab3){ref-type="table"}. Comparing with the lowest quintile, age- and gender- adjusted ORs (Model 1) of the total population demonstrated significant increased prevalence of hyperuricemia in the third \[OR 1.38 (95% CI: 1.12 to 1.70)\], fourth \[OR 1.37(95% CI: 1.07 to 1.66)\] and highest \[OR 1.53 (95% CI: 1.23 to 1.91)\] quintile of serum Cu, with *P* for trend \<0.001; significant increased prevalence of hyperuricemia was also observed in the third \[OR 1.36 (95% CI: 1.10 to 1.68)\], fourth \[OR 1.34 (95% CI: 1.07 to 1.67)\] and highest \[OR 1.55, 95% CI: 1.24 to 1.94)\] quintiles after adjustment for multiple confounders (Model 2) including age, sex, BMI, smoking, drinking status, with P for trend \<0.001; by adding education, activity level, occupation, hypertension and diabetes, multivariable adjusted ORs (Model 3) exhibited similar results, significant higher risk of hyperuricemia was found in the third \[OR 1.31 (95% CI: 1.06 to 1.62)\], fourth \[OR 1.30 (95% CI: 1.04 to 1.62)\] and highest \[OR 1.52 (95% CI: 1.21 to 1.90)\] quintiles, with P for trend \<0.001. Similar results were found in the male population, all three regression models revealed that men in the third, fourth and highest quintiles presented a higher risk of hyperuricemia than those in the lowest quartile. Compared with men in the lowest quartile of serum Cu, those in highest quartile had higher odds of prevalence of hyperuricemia \[Model 1: OR 1.33 (95% CI: 1.03 to 1.72); Model 2: OR 1.35(95% CI: 1.04 to 1.76); Model 3: OR 1.35(95% CI: 1.04 to 1.77)\], the *P* values for trend in Model 1 to 3 were 0.005, 0.004, 0.005, respectively. For the female population, compared with the lowest quintile, only the highest quintile showed significant increased prevalence of hyperuricemia \[Model 1: OR 2.00 (95% CI: 1.16 to 3.43); Model 2: OR 1.94 (95% CI: 1.12 to 3.35); Model 3: OR 1.87 (95% CI: 1.08 to 3.23)\], the *P* values for trend in Model 1 to 3 were 0.002, 0.003, 0.006, respectively. Results from multivariable models confirmed the positive association when serum Cu was considered as a continuous exposure variable (per 10 μmol/L increment, Table [3](#Tab3){ref-type="table"}). In addition, serum Cu was significantly associated with UA (P \< 0.001) after adjustment for age, sex, BMI, smoking, drinking, education, activity, occupation, hypertension and diabetes (Fig. [1](#Fig1){ref-type="fig"}).Table 3Multivariable-adjusted relationship between serum Cu and hyperuricemia.Quintiles of serum Cu*P* for trendSerum Cu, per 10 μmol/L increaseQ1 (lowest)Q2Q3Q4Q5 (highest)Median serum Cu (μmol/L)12.4014.6016.2017.9020.90------**Total**Model 1 (95% CI)1.00 (reference)1.16 (0.94, 1.43)1.38 (1.12, 1.70)1.34 (1.07, 1.66)1.53 (1.23, 1.91)\<0.0011.45 (1.20, 1.76), P \< 0.001Model 2 (95% CI)1.00 (reference)1.15 (0.93, 1.42)1.36 (1.10, 1.68)1.34 (1.07, 1.67)1.55 (1.24, 1.94)\<0.0011.50 (1.23, 1.81), P \< 0.001Model 3 (95% CI)1.00 (reference)1.11 (0.90, 1.38)1.31 (1.06, 1.63)1.30 (1.04, 1.62)1.52 (1.21, 1.90)\<0.0011.50 (1.23, 1.83), P \< 0.001**Male**Model 1 (95% CI)1.00 (reference)1.15 (0.93, 1.44)1.49 (1.19, 1.86)1.38 (1.08, 1.76)1.33 (1.03, 1.72)0.0051.31 (1.05, 1.64), P = 0.017Model 2 (95% CI)1.00 (reference)1.13 (0.90, 1.42)1.44 (1.15, 1.81)1.36 (1.07, 1.75)1.35 (1.04, 1.76)0.0041.35 (1.07, 1.69), P = 0.010Model 3 (95% CI)1.00 (reference)1.09 (0.87, 1.37)1.39 (1.11, 1.75)1.33 (1.04, 1.71)1.35 (1.04, 1.77)0.0051.38 (1.10, 1.75), P = 0.006**Female**Model 1 (95% CI)1.00 (reference)1.35 (0.73, 2.51)1.12 (0.61, 2.06)1.37 (0.77, 2.43)2.00 (1.16, 3.43)0.0022.00 (1.38, 2.90), P \< 0.001Model 2 (95% CI)1.00 (reference)1.34 (0.72, 2.50)1.11 (0.60, 2.05)1.36 (0.76, 2.42)1.94 (1.12, 3.35)0.0031.95 (1.34, 2.84), P \< 0.001Model 3 (95% CI)1.00 (reference)1.31 (0.70, 2.46)1.13 (0.61, 2.09)1.30 (0.73, 2.33)1.87 (1.08, 3.23)0.0061.87 (1.28, 2.74), P = 0.001OR, Odds ratio; CI, confidence interval; Cu, copperValues are adjusted OR (95% CI) unless otherwise indicated.Model 1 included age (continuous data), sex (male, female);Model 2 included age (continuous data), sex (male, female), BMI (≥28 kg/m^2^, \<28 kg/m^2^), smoking status (yes/no), and drinking status (yes/no) (age, BMI, smoking status and drinking status for the sex subgroup);Model 3 added education level (with or above high school background or not), activity level (continuous data), occupation (manual worker/non-manual worker), hypertension (yes/no), diabetes (yes/no), on the basis of model.Figure 1Scatter plot showing results of multivariable analyses, in which higher serum UA was associated with higher serum Cu. *P* values were obtained after adjustment for age, sex, BMI smoking, drinking, education, activity level, occupation, hypertension, diabetes. Cu, copper.

Discussion {#Sec9}
==========

The present cross-sectional study showed a positive association between serum Cu concentrations and the prevalence of hyperuricemia, and the findings remained consistent after adjustment for confounders.

Few studies have examined the association between Cu and serum UA, and the findings are still inconclusive. By conducted a population-based study with 1197 subjects aged between 45 to 64 years, Bo *et al*.^[@CR17]^ noted that UA decreased significantly from the lowest to the highest tertile of Cu intake; however, in a randomly identified subgroup of male subjects (n = 231) from this study, Bo *et al*. did not find any significant association between serum Cu and serum UA. Unlike Bo *et al*., the present study indicated the prevalence of hyperuricemia was positively associated with serum Cu concentration, which may be attribute to our large sample size. Fields *et al*.^[@CR19]^ found that rats with Cu-deficient diet exhibited high levels of plasma UA; while Derouiche *et al*.^[@CR20]^ reported that Cu supplementation caused an augmentation of UA in rats with or without diabetes. However, the above animal studies only provided evidence for the relationship between dietary Cu and serum UA.

Under certain conditions, Cu plays its role as an activator of Xanthine oxidase (XO). XO is a key enzyme in purine metabolism, which can oxidize hypoxanthine from nucleic acid metabolites into xanthine, and xanthine into UA. Though several studies have documented the inhibition effect of Cu on XO^[@CR21]--[@CR23]^, in the later study conducted by Hadizadeh *et al*.^[@CR24]^, Cu was proved to be both a reversible inhibitor and an activator of XO, a progressive reduction of catalytic efficiency was observed when the Cu^2+^ concentration raised from 5 to 700 μM.

The biological mechanisms linking serum Cu to hyperuricemia are unclear. It has been reported that UA may function either as an anti-oxidant (mainly in plasma) or pro-oxidant (mainly in cells)^[@CR25]^. A high UA concentration may contribute to the antioxidant behavior of UA^[@CR16],[@CR26]^, while both UA and hyperuricemia related pathologies, such as cardiovascular disease, hypertension and obesity, are associated with oxidative stress^[@CR8],[@CR9],[@CR12],[@CR27]--[@CR29]^. Therefore, UA may play a very complex role through the anti-oxidant and pro-oxidant effects in hyperuricemia. Cu^2+^ is able to oxidize UA directly^[@CR15]^, Cu^2+^/LDL ratio may be an influence factor on pro- and anti-oxidant behaviors of UA^[@CR30]^. The Cu-reduction ability of UA explains not only its pro-oxidant behavior but also, in part, its anti-oxidant activity^[@CR16]^. Moreover, UA is a potent mediator of inflammation. A high concentration of UA has been demonstrated to mediate inflammation by stimulating inflammatory cytokines^[@CR31],[@CR32]^ and the nuclear factor kappa B (NF-κB) pathway^[@CR33],[@CR34]^. On the other hand, serum Cu level was identified to be positively correlated with inflammation activity markers^[@CR17],[@CR35],[@CR36]^, and Cu was proved to activate NF-κB^[@CR37]^ and enhance the production of pro-inflammatory cytokines^[@CR38]--[@CR40]^. Based on the analysis above, the serum Cu may promote the effect of UA through the inflammatory mechanism.

The present study is characterized with several strengths. First, it is the first research work performed on a large sample (6,212 subjects) that directly relates serum Cu to hyperuricemia. The findings of this study may provide new insights into the mechanism and treatment of hyperuricemia. Second, adjustments for some potential confounding factors, such as education, activity level, occupation, hypertension and diabetes, increased reliability of the results. It should be noted that our study had several potential limitations. First, based on the cross-sectional data provided in this study, we cannot draw a conclusion that reflect the causal correlations. Further intervention trials and prospective longitudinal studies are therefore expected to establish a causal relationship between serum Cu and hyperuricemia. Second, the total serum Cu concentration was detected in this study. While approximately 90--95% of the total amount of Cu in blood serum is strongly protein-bound, mostly with α2--globulin (ceruloplasmin)^[@CR13]^, the rest of Cu remains non-bounded (non-ceruloplasmin Cu). Ogihara *et al*.^[@CR41]^ observed an elevation of non-ceruloplasmin as well as a reduction of UA in three of four untreated patients with Wilson's disease, but the sample size was too small (only 4 patients) and all subjects were in a Wilson's disease condition. A further study focusing on the relationship between ceruloplasmin and non-ceruloplasmin Cu with serum UA is therefore suggested.

Conclusion {#Sec10}
==========

In this population-based cross-sectional study, serum Cu concentration was positively associated with the prevalence of hyperuricemia. Further studies are required to estimate the exact mechanisms of the association between Cu and hyperuricemia pathogenesis.
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